INTRODUCTION {#s1}
============

A cascade of biochemical and microbiological events occurs during ripening, the most important event of cheese manufacturing. Coagulant, milk-endogenous enzymes, and, especially, metabolic activities of the cheese microbiota mediate most of the biochemical reactions occurring in cheese during ripening ([@B1], [@B2]). Primary and secondary starters, nonstarter lactic acid bacteria (NSLAB) ([@B3]), adjunct/attenuated cultures ([@B4][@B5][@B7]), and microbial populations coming from the milk and cheese manufacturing environment shape the cheese microbiota ([@B8][@B9][@B11]). Biotic and abiotic drivers affect the establishment, assembly, and metabolism of the cheese microbiota, which is involved in the development of cheese sensory and nutritional features. Indeed, unbalanced microbiota and related metabolic activities may increase the risk of cheese off flavors and odors ([@B9], [@B12][@B13][@B14]). Deep investigation of the microbial interactions during cheese ripening allows the manufacture of cheeses with improved and consistent quality, reducing costs and improving appreciation by consumers ([@B13], [@B15]). Importantly, some biotechnological adjuvants used to accelerate cheese ripening might have an impact on the cheese sensory features ([@B2]). Attenuated cultures are represented by lactic acid bacteria that are unable to grow or synthesize significant amounts of lactic acid but act as sources of enzymes. Attenuated *Lactococcus* and *Lactobacillus* species are being successfully used to accelerate ripening and to improve flavor in a controlled manner ([@B4][@B5][@B7]). In particular, Lactococcus lactis (Lc. lactis), in the form of attenuated cells or cell extracts rich in enzymes, has received considerable interest, as it is the most used starter worldwide ([@B5], [@B7]). However, interactions among attenuated *Lactococcus* cells/enzymes and cheese microbiota during ripening need to be thoroughly investigated to avoid the growth of undesired indigenous microbes and to reduce variability in cheese properties ([@B13], [@B16], [@B17]).

The surfaces of all cheese varieties are colonized by a complex surface microbiota, which is equipped with suitable enzymatic activity and presents a barrier against pathogenic and spoiling microbes ([@B15], [@B18]). Mainly because of different ecosystem conditions (e.g., redox potential) and origins (inoculation or house microbiota), the cheese surface microbiota largely differs from the core microbiota ([@B12], [@B19][@B20][@B21]).

Manufactured in almost every Italian region, caciotta cheese is one of the most widespread traditional Italian varieties and is often used as a model system. The manufacture of caciotta cheese produces approximately 23,000 tonnes per year (<https://www.assolatte.it>). The cheese is mainly manufactured from pasteurized cow's milk (sometimes in a mixture with ewe's milk) inoculated with thermophilic starters (e.g., Streptococcus thermophilus and Lactobacillus delbrueckii subsp. *lactis*). Once salted, caciotta cheese undergoes ripening for approximately 15 days (fresh variety) or up to 2 months (aged variety; dry matter, approximately 60%). During ripening, the cheese surface is washed with brine. Caciotta cheese has a cylindrical shape, is 4 to 8 cm high and 8 to 16 cm in diameter, and weighs 0.8 to 2.0 kg. The surface of the aged variety is thin and yellow ([@B22]). The quality of the aged variety may occasionally not be acceptable because of blowing and off flavors caused by undesired fermentation and excessive concentrations of bitter oligopeptides, respectively. The use of attenuated adjunct cultures for caciotta cheese manufacture allowed control of ripening, positively influencing cheese flavor ([@B6]). Previously, the surface microbial community of caciotta cheese made using the primary starters S. thermophilus and L. delbrueckii subsp. *lactis* underwent investigation ([@B21]). Representatives from this community and from dairy plants (e.g., the ripening room) mainly belonged to *Leuconostoc* spp., *Vibrio* spp., *Brochothrix* spp., and Staphylococcus equorum. Surface contamination of the cheeses with appropriate mock microbial communities could be useful to elucidate the role of the surface microbiota during ripening of caciotta cheese.

This study aimed at establishing the effect of the inoculation of attenuated starters and surface bacterial strains on the microbiological, biochemical, and sensory features of caciotta cheese in comparison with conventionally manufactured caciotta cheese produced with pasteurized cow's milk using S. thermophilus and L. delbrueckii subsp. *lactis* and brine salting ([@B21]). Experimental cheese variants were manufactured by adding attenuated cells of Lc. lactis CC01, with or without a surface inoculum of Leuconostoc lactis (Le. lactis), Vibrio casei, Brochothrix thermosphacta, and S. equorum, chosen as common contaminants of the dairy plant. An integrated biochemical and microbiological approach enabled the cheese characterization.

RESULTS {#s2}
=======

Kinetics of pH and water activity during cheese ripening. {#s2.1}
---------------------------------------------------------

Preliminary analyses showed that Le. lactis MC11, V. casei DSM22364, S. equorum DSM15097, and B. thermosphacta MC25 grew in a model system mimicking cheese and showed remarkable activities of enzymes involved in proteolysis and amino acid catabolism (see Table S1 in the supplemental material). Conventional caciotta cheese, made using pasteurized cow's milk and inoculated with primary starters (S. thermophilus and L. delbrueckii subsp. *lactis*), was the control cheese (CC) ([@B21]). The experimental cheese variants used attenuated cells of Lc. lactis subsp. *lactis* CC01 (ATT cheese) and ATT and single surface inoculations (2 log CFU/cm^2^) of Le. lactis MC11 (LL cheese), V. casei DSM22364 (VC cheese), S. equorum DSM15097 (SE cheese), and B. thermosphacta MC25 (BX cheese) or a mixture of all four surface strains (MIX cheese). One day after manufacture, the moisture, fat, protein, and salt contents of CC were 48.1% ± 1.14%, 24.4% ± 0.97%, 21.5% ± 1.07%, and 0.47% ± 0.09%, respectively. The fat and protein levels trended inversely to the moisture content. After 30 days, the cheeses had average percentages of 25.8% ± 0.94% and 30.6% ± 0.27% for fat and protein, respectively. No significant differences (*P* ≥ 0.05) were observed for fat, protein, or salt among the cheese variants (data not shown).

The pH and water activity (*a~w~*) were recorded during cheese ripening ([Fig. 1](#F1){ref-type="fig"}). One day after manufacture, the addition of attenuated cells increased (*P \< *0.05) the acidification of the curd compared to CC. The pH values ranged from ca. 5.25 (surface and core of CC; *P \> *0.05) to ca. 5.10 (surface and core of ATT cheese; *P \> *0.05) ([Fig. 1A](#F1){ref-type="fig"}). All the other cheese variants showed pH values similar (*P \> *0.05) to those of ATT cheese. The kinetics of pH during ripening varied between cheese surface and core. After 20 days of ripening, the pH values of the cores did not differ between CC and ATT cheese samples. Surface-inoculated cheeses showed slightly higher pH values than ATT cheese. This trend persisted after 30 days of ripening, especially for LL and MIX cheese cores.

![Evolution of pH (A) and *a~w~* (B) at 1 (T1), 10 (T10), 20 (T20), and 30 (T30) days of ripening at surface (s) and core (c) levels of CC and ATT, LL, VC, SE, BX, and MIX cheeses. The values represent the average (±standard deviation \[SD\]) of the results of analyses performed on three samples from as many cheese-making experiments.](AEM.02165-19-f0001){#F1}

At the surface level, the pH value after 20 days was higher (*P \< *0.05) in ATT cheese (5.8 ± 0.01) than in CC (5.6 ± 0.09) ([Fig. 1A](#F1){ref-type="fig"}). Compared to ATT cheese, all the other cheese surfaces showed similar (*P \> *0.05) pH values. These values further decreased at day 30. The ATT cheese surface had higher pH than the CC surface (5.6 ± 0.01 versus 5.3 ± 0.02; *P* = 0.045). SE cheese showed the lowest pH value, while LL and MIX cheeses showed the highest. The pH values of VC and BX cheese surfaces were lower than that of ATT cheese.

One day after manufacture, *a~w~* values, determined at both surface and core, did not differ (*P* \> 0.05) among the cheeses ([Fig. 1B](#F1){ref-type="fig"}). As expected, the *a~w~* values of the cheeses decreased during ripening. At core level, CC and ATT cheese showed the same *a~w~* values at 10 and 30 days. Compared to ATT cheese, *a~w~* values were higher in LL (10 and 20 days) and MIX (10 days) cheese core samples. As expected, at 20 and 30 days, surface samples showed lower *a~w~* values than core samples, probably also due to washing cheese surfaces with brine during ripening. The ATT cheese surface had lower *a~w~* values than CC during ripening.

Cultivable microbiota. {#s2.2}
----------------------

Ten selective media were used to estimate cultivable bacteria, yeasts, and molds. [Figure 2](#F2){ref-type="fig"} shows the comparative microbial counts between surface and core. At day 1, cheese cores had a higher cell density of presumptive mesophilic and thermophilic lactobacilli than cheese surfaces ([Fig. 2A](#F2){ref-type="fig"}). The ATT cheese core showed a higher number of mesophilic lactobacilli than CC at 1 day after manufacture. The cell density of mesophilic lactobacilli did not differ between ATT and surface-inoculated cheeses. Mesophilic lactobacilli increased during ripening, with the lowest value for CC. Overall, the surfaces of inoculated cheeses harbored a higher cell density of mesophilic lactobacilli than that of ATT cheese.

![(A) Cell numbers (log CFU per gram) of presumptive mesophilic and thermophilic lactobacilli at surface (s) and core (c) levels of CC and ATT, LL, VC, SE, BX, and MIX cheeses after 1 (T1), 10 (T10), 20 (T20), or 30 (T30) days of ripening. The values represent the averages (±SD) of the results of analyses performed on three samples from as many cheese-making experiments. (B) Cell numbers (log CFU per gram) of presumptive mesophilic and thermophilic cocci and enterococci at surface and core levels of CC and ATT, LL, VC, SE, BX, and MIX cheeses after 1, 10, 20, or 30 days of ripening. The values represent the averages (±SD) of the results of analyses performed on three samples from as many cheese-making experiments. (C) Cell numbers (log CFU per gram) of presumptive micrococci and staphylococci, heterotrophic marine bacteria, *Corynebacterium* and *Brochothrix* isolates, and coliforms at surface and core levels of CC and ATT, LL, VC, SE, BX, and MIX cheeses after 1, 10, 20, or 30 days of ripening. The values represent the averages (±SD) of the results of analyses performed on three samples from as many cheese-making experiments. (D) Cell numbers (log CFU per gram) of presumptive yeasts and molds at surface and core levels of CC and ATT, LL, VC, SE, BX, and MIX cheeses after 1, 10, 20, or 30 days of ripening. The values represent the averages (±SD) of the results of analyses performed on three samples from as many cheese-making experiments.](AEM.02165-19-f0002){#F2}

The presence of cultivable thermophilic lactobacilli in the cores of all the cheeses (except CC) increased during cheese ripening. Cheese surfaces showed an opposite trend. The ATT cheese core and surface showed higher numbers of cultivable thermophilic lactobacilli than those of CC after 20 days of ripening. After 20 days of ripening, the cores of surface-inoculated cheeses had contents of thermophilic lactobacilli higher than that found in ATT cheese.

At day 1, CC had the lowest presence of presumptive mesophilic cocci ([Fig. 2B](#F2){ref-type="fig"}). This microbial group increased throughout cheese ripening. Except for CC, cheese surfaces at the end of ripening had higher levels of mesophilic lactococci than cheese cores. Compared to ATT cheese, all the other surface-inoculated cheeses showed similar (*P \> *0.05) cell numbers of mesophilic lactococci.

Presumptive thermophilic cocci were found at higher numbers in cheese cores than on the surface ([Fig. 2B](#F2){ref-type="fig"}). After 20 days of ripening, the microbial group decreased, especially in the cheese cores. With few exceptions, presumptive enterococci were always present at low cell density (\<3 log CFU/g) ([Fig. 2B](#F2){ref-type="fig"}).

Numbers of bacteria cultivable on marine agar were below 2.0 log CFU/g until 10 (cheese core) and 20 (cheese surface) days of cheese ripening ([Fig. 2C](#F2){ref-type="fig"}). As expected, the only exception was found on the surface of the cheese inoculated with V. casei (VC cheese). Presumptive micrococci and staphylococci and bacteria cultivable on *Corynebacterium* agar were found at higher numbers on cheese surfaces than in cheese cores ([Fig. 2C](#F2){ref-type="fig"}). The cheese with attenuated Lc. lactis cells added (ATT cheese) harbored a higher number of micrococci and staphylococci than CC, which increased during ripening and showed the highest level on the cheese surface. Presumptive *Corynebacterium* spp. and *Brochothrix* spp. increased, especially in all the cheeses with attenuated Lc. lactis cells added, reaching the highest numbers (ca. 7.0 to 7.5 log CFU/g) on the surfaces of LL, SE, BX, and MIX cheeses after 30 days of ripening. At day 1, presumptive coliforms ranged from ca. 2.5 (cheese core) to 3.5 (cheese surface) log CFU/g ([Fig. 2C](#F2){ref-type="fig"}). Overall, coliforms decreased after 30 days of ripening, reaching the lowest values in cheese cores. Molds were variously distributed on cheese surfaces, ranging from ca. 2.5 to 3.8 log CFU/g ([Fig. 2D](#F2){ref-type="fig"}). The highest yeast cell density was found in cores. Yeasts decreased during ripening of CC, whereas they were harbored in the highest numbers in the core of BX cheese at 30 days.

Bacterial microbiome. {#s2.3}
---------------------

The bacterial community was monitored through high-throughput sequencing of the amplified V3-V4 region of the 16S rRNA gene. ATT cheese showed higher microbial diversity than CC (number of operational taxonomic units \[OTUs\], Chao1 richness, and Shannon index) (see Fig. S1 in the supplemental material). Compared with ATT cheese, all the other surface-inoculated cheeses showed similar (*P \> *0.05) values of alpha diversity. Figure S2 in the supplemental material shows the beta diversity of the cheese bacterial community. Principal-coordinate analysis (PCoA) showed a clear differentiation of CC from the others. On the other hand, surface-inoculated cheeses were not distinguished from ATT cheese samples.

The taxa identified were included in six phyla (*Actinobacteria*, *Bacteroidetes*, *Firmicutes*, *Proteobacteria*, *Tenericutes*, and *Thermi*) and one candidate division (TM7). *Firmicutes* largely dominated the cheese core and surface, followed by *Proteobacteria*. The cheese core had a higher abundance of *Proteobacteria* than the cheese surface (reaching 5.21% in an LL cheese sample at 1 day of ripening). Within *Firmicutes*, *Streptococcaceae*, *Leuconostocaceae*, *Lactobacillaceae*, *Staphylococcaceae*, and *Enterococcaceae* were the dominant families (see Fig. S3 in the supplemental material). *Streptococcaceae* (mainly S. thermophilus) dominated the core and surface of CC ([Fig. 3](#F3){ref-type="fig"}). The attenuated Lc. lactis cells seemed to affect the cheese microbiome. All cheeses made by the addition of attenuated cells of Lc. lactis showed lower relative abundance of S. thermophilus. At day 1, the relative abundance of Lc. lactis in the cheese cores varied from ca. 20.39 (BX cheese) to 31.52% (ATT cheese). Except for CC, the surfaces of all the cheese variants at day 1 had the highest presence of Lc. lactis, with percentages varying from ca. 35.80 (LL cheese) to 48.32% (ATT cheese). During ripening, Lc. lactis decreased until day 20, but then it significantly increased at day 30, especially on the cheese surface.

![Relative abundances of total bacteria (genus/species level) found after 1 (T1), 10 (T10), 20 (T20), or 30 (T30) days of ripening at surface (A) and core (B) levels of CC and ATT, LL, VC, SE, BX, and MIX cheeses.](AEM.02165-19-f0003){#F3}

Compared to CC, the presence of attenuated Lc. lactis cells seemed to interfere with the increased relative abundance of the L. delbrueckii group, as revealed by linear discriminant analysis (LDA) of effect size (LEfSe) (see Fig. S4 to S11 in the supplemental material). The highest relative abundance of the L. casei group was in the CC core at 20 days of ripening ([Fig. 3B](#F3){ref-type="fig"}; see Fig. S9). Compared to CC, the surfaces of all the other cheese variants subjected to the addition of the attenuated cells had a considerably higher relative abundance of Macrococcus caseolyticus and indigenous *Lactococcus* spp. ([Fig. 3A](#F3){ref-type="fig"}; see Fig. S4, S6, S8, and S10). Also, the surfaces of LL, VC, SE, and MIX cheeses harbored M. caseolyticus at higher relative abundances than the ATT cheese surface. The lowest relative abundance of Le. lactis was in CC. At 10 days, indigenous and added Le. lactis bacteria increased in cheeses made using attenuated cells of Lc. lactis. Except for CC, Le. lactis increased throughout ripening, reaching the highest relative abundance on the cheese surface at 20 days ([Fig. 3A](#F3){ref-type="fig"}; see Fig. S8). At that time, the surface of LL cheese harbored the highest level of Le. lactis, together with the Lactobacillus sakei group ([Fig. 3A](#F3){ref-type="fig"}). S. equorum was mainly detectable on cheese surfaces, with the highest levels in SE and VC cheeses. At day 30, cheese surfaces, especially those of BX, VC, and SE cheeses, harbored Staphylococcus succinus. B. thermosphacta was found as a subdominant OTU mainly at the surface level of BX, VC, SE, and MIX cheeses.

By considering the species level (see Fig. S12 in the supplemental material) taxonomic assignments and significant correlations at a false-discovery rate (FDR) of \<0.05, OTU cooccurrence was investigated. The most significant coexclusion patterns were identified for S. thermophilus and several OTUs belonging to *Firmicutes* (e.g., *Weissella*, *Macrococcus*, *Staphylococcus*, and *Lactococcus* species). The highest positive correlations were between Lc. lactis and M. caseolyticus, *Lactococcus* sp., *Enterococcaceae*, S. equorum, and S. succinus. Other significant positive correlations were found for *Leuconostoc*-L. sakei group and *Leuconostoc*-Weissella viridescens.

Proteolysis and concentration of free amino acids. {#s2.4}
--------------------------------------------------

Aminopeptidase type N (PepN), proline iminopeptidase (PepI), endopeptidase type O (PepO), glutamate dehydrogenase (GDH), cystathionine-γ-lyase (CGL), and esterase activities from water-soluble extracts of the cheeses during ripening were assessed using synthetic substrates (see Fig. S13 in the supplemental material). With few exceptions, enzyme activities were highest on the cheese surfaces. As expected, PepN, PepI, and PepO activities were higher in the cheeses made with attenuated cells of Lc. lactis than in CC, especially at 20 days of ripening. PepO activity was highest in ATT, LL, and VC cheeses. According to the estimated cell density ([Fig. 2B](#F2){ref-type="fig"}) and enzymatic activities (see Table S1) of Le. lactis MC11, LL and MIX cheeses exhibited the highest (*P \< *0.05) levels of GDH, CGL, and esterase activities, especially after 30 days of ripening.

The concentration of peptides increased throughout ripening (see Fig. S14 in the supplemental material). CC contained a lower concentration of peptides than the other variants. The highest levels of peptides were found for ATT, LL, SE, and MIX cheeses. The concentration of free amino acids (FAAs) increased throughout ripening ([Fig. 4](#F4){ref-type="fig"}). At day 1, the cheeses manufactured with attenuated cells or with attenuated cells and surface cultures exhibited concentrations of FAAs approximately two times higher than that found in CC. In particular, the surfaces of LL, VC, BX, and MIX cheeses had the highest levels of FAAs, while FAAs did not differ (*P* \> 0.05) in the cores of ATT, LL, VC, SE, BX, and MIX cheeses. Overall, cheese cores had the highest concentrations of FAAs at day 20. The only exceptions were for CC and BX cheese. After 30 days of ripening, both the core and surface of CC had the lowest (*P* \< 0.05) concentration of total FAAs (ca. 2,200 and 2,900 mg/kg, respectively). For the other cheese variants, FAAs ranged from approximately 4,100 mg/kg (ATT cheese surface) to 5,872 mg/kg (LL cheese surface) and from 3,287 mg/kg (LL cheese core) to 4,275 mg/kg (VC cheese core). The levels of several individual FAAs differed among cheeses ([Fig. 5](#F5){ref-type="fig"}; see Table S2 in the supplemental material), which was mainly related to the addition of attenuated Lc. lactis cells and surface bacteria and time of ripening.

![Total free amino acid concentrations found at surface (s) and core (c) levels of CC and ATT, LL, VC, SE, BX, and MIX cheeses after 1 (T1), 10 (T10), 20 (T20), or 30 (T30) days of ripening. The values represent the averages (±SD) of the results of analyses performed on three samples from as many cheese-making experiments.](AEM.02165-19-f0004){#F4}

![Scores and loading plots of the two PCA of the total and individual free amino acids and their main derivatives, which were found at the surface (s) and core (c) levels of CC (red) and ATT, LL, VC, SE, BX, and MIX cheeses (blue) after 1 (T1), 10 (T10), 20 (T20), or 30 (T30) days of ripening.](AEM.02165-19-f0005){#F5}

Correlations between pH, water activity, cultivable microbiota, microbiome, and proteolysis of cheeses. {#s2.5}
-------------------------------------------------------------------------------------------------------

The results of analyses (cultivable microbiota, dominant bacterial microbiome, pH, *a~w~*, enzymatic activities, and concentrations of peptides and FAAs) performed for all the cheeses during the whole ripening period were used as entries for multivariate statistical analyses. Permutation analysis ([Fig. 6](#F6){ref-type="fig"}) and principal-component analysis (PCA) (see Fig. S15 in the supplemental material) distinguished the surface and core of CC from those of the other variants. The outstanding dominance of S. thermophilus, together with the lowest values of some microbiological (e.g., mesophilic lactobacilli and cocci, micrococci and staphylococci, and relative abundances of the L. delbrueckii group and Le. lactis) and biochemical (e.g., enzymatic activities and FAAs) data, characterized CC ([Fig. 6](#F6){ref-type="fig"}, cluster 1A). The cores of the other cheese variants grouped together because of the high cell density of thermophilic cocci and mainly lactobacilli and yeasts; low numbers of micrococci and staphylococci; and high PepN, PepI, and GDH activities ([Fig. 6](#F6){ref-type="fig"}, cluster 1B). A further clustering of cheese cores agreed with the time of cheese ripening. The core of ATT cheese always differed from those of the other variants. At 20 and 30 days of ripening, the highest similarity was for cores of LL and MIX cheeses. Except for CC, all the other cheese surfaces were clearly distinguished from the cheese cores ([Fig. 6](#F6){ref-type="fig"}, clusters 2 and 3). At day 30, cheese surfaces separated from the others previously sampled based on the high level of mesophilic cocci and staphylococci and lower numbers of coliform and V. casei bacteria, together with higher concentrations of almost all the FAAs, peptides, and enzyme activities (CGL and esterase). As shown for cheese cores, the surfaces of ATT cheeses showed distinct profiles. At the end of ripening, the highest similarity among cheese surfaces was between LL and MIX cheeses.

![Permutation analysis based on the cultivable microbiota, dominant bacterial microbiome, enzymatic activities, and concentrations of peptides and individual and total free amino acids and their derivatives, which were found at surface (s) and core (c) levels of CC and ATT, LL, VC, SE, BX, and MIX cheeses after 1, 10, 20, or 30 days of ripening. Amino acids are indicated by three-letter codes; GABA, gamma aminobutyric acid; EST, esterase. Euclidean distance and McQuitty's criterion (weighted pair group method with averages) were used for clustering. The colors correspond to normalized mean data levels from low (green) to high (red). The color scale, in terms of units of standard deviation, is shown at the top.](AEM.02165-19-f0006){#F6}

Considering the above-mentioned microbiological and biochemical results of the analyses performed on all the cheeses during ripening, some correlations between bacterial genera/species, cheese enzyme activities, and FAAs were found ([Fig. 7](#F7){ref-type="fig"}). Mesophilic lactobacilli and lactococci, micrococci and staphylococci, and Le. lactis were positively correlated with enzyme activities (PepN, PepI, PepO, GDH, and CGL) and FAAs. Both enzymatic activities and the levels of individual FAAs were negatively correlated with the *a~w~* values. The *a~w~* value was positively correlated with most of the OTUs attributed to *Lactobacillus*, *Streptococcus*, *Escherichia*, and *Enterobacteriaceae*, whereas it was negatively correlated with *Vibrio*, B. thermosphacta, M. caseolyticus, *Staphylococcaceae*, and *Weissella*.

![Correlations between cultivable microbiota, dominant bacterial microbiome, enzymatic activities, and concentrations of peptides and individual and total free amino acids and their derivatives that were found, after 30 days of ripening, at surface and core levels of CC and ATT, LL, VC, SE, BX, and MIX cheeses. Amino acids are indicated with three-letter codes. The color of the scale bar denotes the nature of correlation, with 1 indicating a perfectly positive correlation (blue) and −1 indicating a perfectly negative correlation (yellow). Euclidean distance and McQuitty's criterion (weighted pair group method with averages) were used for clustering.](AEM.02165-19-f0007){#F7}

Sensory analysis. {#s2.6}
-----------------

All the cheeses showed the typically desirable sensory characteristics of short-ripened caciotta cheese, namely, uniformity of color and structure, odor and taste recalling those of milk and butter, and absence of rancid and spicy smells, as well as of bitter taste ([@B22]). However, compared to CC, the use of attenuated Lc. lactis impacted the sensory features of caciotta cheese ([Fig. 8](#F8){ref-type="fig"}). Cheeses manufactured with the addition of attenuated Lc. lactis cells and surface adjunct cultures displayed high scores for odor and aroma intensity and salty attributes. MIX and, especially, LL cheeses received higher scores for aroma and taste intensity and overall acceptability than ATT cheese. On the other hand, BX cheese received lower scores for uniformity of crust color, odor and aroma intensity, and overall acceptability than ATT cheese.

![Sensory analysis performed after 30 days of ripening on CC and ATT, LL, VC, SE, BX, and MIX cheeses.](AEM.02165-19-f0008){#F8}

DISCUSSION {#s3}
==========

This study used primary starters (S. thermophilus and L. delbrueckii subsp. *lactis*), attenuated Lc. lactis cells, and adjunct surface cultures (Le. lactis, V. casei, S. equorum, and B. thermosphacta) belonging to common cheese surface microbiota to make caciotta cheese. Cheese manufacturing was carried out at the same dairy plant, with the same biotic (house microbiota) and abiotic (e.g., milk composition, salt concentration, ripening temperature, and humidity) selection pressures, which may shape the microbial community ([@B13], [@B14]).

According to previous studies ([@B4], [@B7], [@B13]), attenuation rendered Lc. lactis CC01 cells unable to grow and to synthesize significant levels of lactic acid during cheese making. At the same time, the attenuated cells delivered enzymes (PepN, PepI, PepO, and GDH) that are mainly responsible for proteolysis and catabolism of FAAs. In general terms, ripening conditions (e.g., *a~w~*, NaCl concentration, and oxygen availability) and procedures adopted during ripening (e.g., brine salting and washing of cheese surfaces) shape the cheese microbiota and, in turn, the potential for enzymatic activities ([@B8], [@B12]). Differences between the cheese surface and core are common, especially for those varieties that do not undergo excessive surface drying during ripening ([@B13], [@B14], [@B23]). In this study, culture-dependent and -independent analyses allowed us to obtain an integrated overview of the bacterial dynamics at the surface and core during cheese ripening. Overall, the results of the two approaches overlapped, although a few differences appeared. One of the differences regarded *Brochothrix*, *Corynebacterium*, *Micrococcus*, and *Staphylococcus*, which were found at increasing cell numbers during ripening but whose relative abundances, determined through high-throughput 16S rRNA sequencing, were very low. Some drawbacks to the high-throughput-sequencing technique, such as preferential PCR amplification, different lysis efficiencies during extraction of DNA, and different numbers of copies of 16S rRNA operons among bacteria, could have caused such discrepancies ([@B24]). The addition of attenuated Lc. lactis cells was linked to increased microbial diversity and to quicker growth of autochthonous and/or starter lactic acid bacteria as early as day 1 of cheese manufacture. This may be attributed to lactococcal proteolysis and the consequent release of peptides and FAAs, which promoted the growth of cheese autochthonous bacteria. In the cheese core, the addition of attenuated Lc. lactis cells was related to an increased level of indigenous lactococci and the L. delbrueckii group. On the other hand, the main effect on the cheese surface was on M. caseolyticus. M. caseolyticus (family *Staphylococcaceae*) usually originates from animal organs, the farm environment, milk, and cheese ([@B25][@B26][@B28]). M. caseolyticus was previously found on the surfaces of Italian cheeses, such as taleggio, gorgonzola, casera, scimudin, and formaggio di fossa ([@B29]), and it is probably able to break down caseins, contributing to the formation of aroma precursors ([@B30]). M. caseolyticus was not detected during the manufacture of traditional caciotta cheese ([@B21]). On the other hand, in this study, it prevailed on the surfaces of all the cheese variants for up to 30 days. Significant positive correlations emerged between M. caseolyticus and other surface microbiome members, including Le. lactis and S. equorum. Compared to conventionally manufactured caciotta cheese (used as a control), the differences found in the cheeses made with attenuated cells were not attributable to the stochastic assembly of the microbiota across replicates because of their constant presence in all the replicate manufactures ([@B14]).

Variations in the assembly of the cheese microbiome were also evident when using the adjunct surface cultures of Le. lactis, V. casei, S. equorum, and B. thermosphacta, mimicking possible contamination through the environmental microbiota. Le. lactis and S. equorum are available as commercial cultures for cheese making to enhance the flavor and color of surface-ripened cheeses ([@B31][@B32][@B33]). The surface cultures used in this study showed the ability to grow under simulated cheese-ripening conditions and displayed some enzymatic activities involved in proteolysis, catabolism of FAAs, and lipolysis. To date, catalogues of Le. lactis, S. equorum, V. casei, and B. thermosphacta genomes have revealed the presence of some genes with high potential in cheese ripening, mainly for surface-ripened cheeses ([@B18]). Under the experimental conditions used in this study, S. equorum, V. casei, and B. thermosphacta did not show the capability to become dominant on the cheese surface, even if surface inoculated. This could be attributed to intrinsically higher fitness of the indigenous microbiota (e.g., *Lactococcus* spp. and S. succinus) contaminating the cheese-making plant, as well as to the poor adaptation of the inoculated bacteria. Indeed, unlike the other strains used in this study, which had been isolated from caciotta cheese, S. equorum and V. casei originated from the surfaces of different cheeses. Le. lactis inoculated on cheese surfaces seemed to take advantage of attenuated Lc. lactis cells, thus becoming a dominant component of the microbiome at the cheese core and, mainly, on the cheese surface. After 20 days of ripening, it reached the highest level of relative abundance on the cheese surface. Le. lactis was found as a dominant bacterial OTU in all the cheeses made with attenuated Lc. lactis cells, which suggested the prevalence of other autochthonous strains. The autochthonous strains did not show any prevalence in conventional caciotta cheese used as the control. Significant cooccurrence patterns were evident among Lc. lactis, Le. lactis, and the L. sakei group. A stable microbial community, mainly consisting of Lc. lactis, Leuconostoc mesenteroides, and Lactobacillus fuchuensis (belonging to the L. sakei group), was featured on the semihard Iranian Liqvan cheese ([@B34]). After 20 days of ripening, the L. sakei group was one of the dominant OTUs of the surface microbiome of only cheese made with the surface inoculation of Le. lactis. This led to the hypothesis of a strong interaction between the L. sakei group and Le. lactis MC11, rather than with autochthonous strains of the same species. Surface inoculation with cultures of S. equorum and V. casei resulted in a significant cooccurrence of Lc. lactis, *Lactococcus* sp., *Enterococcaceae*, and S. succinus. Surfaces of cheeses inoculated with cultures of B. thermosphacta, S. equorum, and V. casei mainly harbored S. succinus. Although very sensitive to biotic and abiotic factors ([@B35]), this species, together with other staphylococci, dominated in some European ripened cheese varieties ([@B36]). Although we found yeasts and molds at lower cell density than most bacterial groups, the fungal microbiota, through deacidification and production of vitamins and amino acids, may favor some Gram-positive, less acid-tolerant bacteria, including staphylococci and corynebacteria ([@B15]).

The microbiome assembly correlated well with several biochemical features (e.g., enzymatic activities and FAAs) of the cheeses. Previously, it was shown that during manufacture and ripening of Gouda cheese, the growth of L. mesenteroides relies on the proteolysis of Lc. lactis, which provides small peptides and essential FAAs ([@B16]). The liberation of FAAs increased when mesophilic lactic acid bacteria (e.g., Lc. lactis) combined with GDH-positive NSLAB ([@B13]). In this study, the diverse enzyme portfolios of different microbial communities resulted in distinct profiles for individual FAAs. The synthesis/liberation of FAAs constitutes a key factor affecting cheese flavor and the catabolism of FAAs, with the liberation of volatile organic compounds ([@B2], [@B37]).

As shown by sensory analysis, the addition of attenuated Lc. lactis CC01 cells improved cheese flavor. Cheese manufactured using attenuated cells and surface inoculation of B. thermosphacta was less acceptable than that made under conventional processing. Cheese made using attenuated cells and surface inoculation of Le. lactis or using a mixture of the four surface contaminants showed similar biochemical features and received the highest scores, including overall acceptability. It could be hypothesized that the high scores attributed to LL and MIX cheeses could be due to some positive metabolic interactions among *Leuconostoc*, *Corynebacterium*, *Brochothrix*, *Micrococcus*, and *Staphylococcus* cultures, which were found at the highest cell densities on the surfaces of LL and MIX cheeses. This result strengthens the importance of Le. lactis as an adjunct culture in cheese making ([@B31], [@B38], [@B39]) and confirms the contribution to cheese flavor and color by some surface bacterial genera (e.g., *Corynebacterium* spp.) ([@B40]).

This study highlighted the fact that the use of attenuated Lc. lactis cells and bacteria contaminating surfaces affects the microbial community assembly. The microbial assembly and function varied depending on space (surface/core) and time of ripening (1 to 30 days), affecting the enzymatic portfolio of cheeses. In turn, the specific dynamic of biochemical features drove the sensory profile of caciotta cheese. The use of attenuated lactic acid bacteria and surface adjunct Le. lactis could be a useful biotechnology to improve the flavor formation of caciotta cheese. However, since autochthonous microorganisms originating from milk or the dairy environment could vary across processing plants and seasons, appropriate experimentation should be designed in order to extend the results of this study to all cheeses. In addition, future studies in the field should include a culture-independent approach based on rRNA transcripts of taxonomically relevant genes, also extended to the fungal microbiome, to detect the metabolically active microbial population, including viable but noncultivable cells.

MATERIALS AND METHODS {#s4}
=====================

Attenuated and surface adjunct cultures. {#s4.1}
----------------------------------------

Lc. lactis subsp. *lactis* CC01, Le. lactis MC11, V. casei DSM22364 (biosafety level 1), S. equorum DSM15097, and B. thermosphacta MC25 (biosafety level 1) were used. Lc. lactis CC01, Le. lactis MC11, and B. thermosphacta MC25, from the Culture Collection of the Department of Soil and Food Sciences of Bari University, Bari, Italy, were previously isolated from caciotta cheese and identified by partial sequencing of the 16S rRNA. V. casei and S. equorum, isolated from milk products, were purchased from the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). The propagation of all strains was at 30°C for 24 h, using different culture media. Specifically, Lc. lactis subsp *lactis* CC01 was grown on M17 broth (Oxoid, Basingstoke, United Kingdom); Le. lactis MC11 on de Man, Rogosa, and Sharpe (MRS) broth (Oxoid); V. casei DSM22364 on marine broth (Becton, Dickinson Italia, Milan, Italy) with shaking at 180 rpm; B. thermosphacta MC25 on *Corynebacterium* broth (casein peptone, 10.0 g/liter tryptic digest, 5.0 g/liter yeast extract, 5.0 g/liter glucose, 5.0 g/liter NaCl, pH 7.2 to 7.4); and S. equorum DSM15097 on Trypticase soy yeast extract (TSYE) broth (Merck KGaA, Darmstadt, Germany). Stock cultures were stored at −80°C, with 200 μl/ml glycerol as a cryoprotective agent.

To achieve attenuation, cells of Lc. lactis subsp. *lactis* CC01 (9.0 ± 0.35 log CFU/ml) grown overnight in M17 broth were harvested by centrifugation (10,000 × *g*; 10 min; 4°C); washed twice with sterile 50 mM potassium phosphate buffer, pH 7.0; and resuspended in distilled water at a density of ca. 11 log CFU/ml. The cell suspension was placed in an ice bath and subjected to sonication (Vibra-Cell sonicator; Sonic and Materials Inc., Danbury, CT, USA) with a microtip setting (sonic power, 375 W; output control, 5) for 15 min (3 cycles; 5 min/cycle) ([@B6]). As estimated by plate counting, sonication decreased cell survival to ca. 5.6 ± 0.1 log CFU/ml. After treatment, the preparation (containing free enzymes and unbroken cells) was freeze-dried, resuspended in sterile milk, and used to inoculate the cheese milk. The unbroken cells were unable to overacidify the cheese but represented an additional source of enzymes.

To prepare surface adjunct cultures, cells of Le. lactis, V. casei, B. thermosphacta, and S. equorum were harvested by centrifugation (10,000 × *g*; 10 min; 4°C); washed twice with sterile 50 mM potassium phosphate buffer, pH 7.0; and resuspended in water containing 0.85% NaCl. Inoculation of the cheese surface before ripening was at a density of ca. 2 log CFU/cm^2^. Bacterial suspensions were also combined (25% \[vol/vol\] each strain), and the four-strain cocktail was used (MIX). The level of inoculation was determined by plating each inoculum on the respective medium, namely, MRS agar for Le. lactis, marine agar for V. casei, *Corynebacterium* agar for B. thermosphacta, and TSYE agar for S. equorum. Enumeration was performed after 24 h of incubation at 30°C.

Cheese manufacture and sampling. {#s4.2}
--------------------------------

Cheese making at an industrial plant (Ignalat srl, Noci, Bari, Italy) was carried out in triplicate on three consecutive days (three batches for each variant of cheese), using the conventional caciotta cheese protocol ([@B21]). The cow's milk used had the following characteristics: lactose, 4.9%; protein, 3.3%; fat, 3.6%; pH 6.6. No significant (*P \> *0.05) differences in compositional values emerged among the three batches of milk. The milk was pasteurized using a plate heat exchanger. Prior to and after use, the equipment was sterilized by circulation of water (at 85°C) for at least 30 min ([@B41]). Four hundred liters of milk was heat treated (71°C for 15 s). Total mesophilic aerobic microorganisms, found at levels of ca. 4.5 log CFU/ml in the raw milk (data not shown), were inactivated by pasteurization. After the heat treatment, the milk was instantaneously cooled to 37°C and inoculated with commercial primary starters: S. thermophilus and L. delbrueckii subsp. *lactis* (initial densities, approximately 7.5 ± 0.11 and 7.3 ± 0.14 log CFU/ml, respectively; Sacco, Cadorago; Como, Italy). Immediately after inoculation, the attenuated Lc. lactis culture (initial density, approximately 5.6 ± 0.1 log CFU/ml) was added to the milk tank, followed by gentle blending. This was the first variant of cheese, namely, the one with the attenuated strain added (ATT cheese). For CC, the addition of attenuated cells of Lc. lactis culture did not occur. After incubation for 30 min at 37°C, liquid calf rennet (35 ml/100 liters) was added, and coagulation took place within 30 min. After whey drainage and molding, the curds were stored for approximately 4 h at room temperature. Salting was done by immersing (5 h) the cheeses in brine (37% \[wt/vol\] NaCl). The salted ATT curds also underwent surface inoculation (2 log CFU/cm^2^) of (i) Le. lactis (LL cheese), (ii) V. casei (VC cheese), (iii) B. thermosphacta (BX cheese), (iv) S. equorum (SE cheese), or (v) a mixture of Le. lactis, V. casei, B. thermosphacta, and S. equorum (MIX cheese). These corresponded to the other five variants of caciotta cheese. There was no surface inoculation for CC cheese and the first variant of ATT cheese. The entire surfaces of LL, VC, BX, SE, and MIX cheeses were inoculated, using an L-shaped spreader, with 500 μl of bacterial cell suspension obtained, as described above, from liquid cultures incubated at 30°C for 24 h. The inoculated cheeses were kept at room temperature for 45 min to favor the attachment of the bacteria to the cheese surface ([@B42]). All the cheeses were left at room temperature for a further 12 h. The cheeses weighed approximately 1.5 kg. Ripening was at 9°C (relative humidity, ca. 73%) for 30 days. All cheese variants were repeatedly (3 or 4 times) turned and washed with a brine solution (20% \[wt/vol\] NaCl) during ripening. Specifically, washing of the cheese surface was performed using a cotton cloth (one for each cheese variant) soaked in brine ([@B43]). For each batch, cheese sampling was performed at 1, 10, 20, and 30 days of ripening. All the analyses considered both the cheese surface and core (ca. 100 g). The only two exceptions were for raw chemical composition and sensory analysis, which were determined on whole (surface and core) cheese samples. For the cheese surface, the rind was removed by scraping the entire surface of each cheese wheel with sterile scalpels to about 5-mm depth ([@B18], [@B44]). Cheese cores were obtained after removing the first 2 cm of the surface ([@B23]). All samples were transported to the laboratory under refrigerated conditions (∼4°C) and immediately subjected to compositional, microbiological, and biochemical analyses. An aliquot of each sample was frozen (−80°C) until culture-independent analysis was performed.

Analyses of compositional and cultivable microbiota. {#s4.3}
----------------------------------------------------

Three samples of CC (including rind and core) 1 day after manufacture and three samples of all the cheeses (including rind and core) after 30 days of ripening were analyzed for protein (macro-Kjeldahl) ([@B45]), fat (Gerber method) ([@B46]), moisture (oven drying at 102°C) ([@B47]), and salt ([@B48]). The pH values and water activity (*a~w~*) were determined on the rinds (surfaces) and in the cores of all the cheeses after 1, 10, 20, and 30 days of ripening, using a portable pH meter equipped with a Foodtrode electrode (Hamilton, Bonaduz, Switzerland) and a LabMaster-*a~w~* (Novasina AG, Switzerland), respectively. Concentrations of protein, fat, and salt; moisture contents; and pH and *a~w~* were average values from analyses performed on three samples coming from as many cheese-making trials. The total number of samples subjected to compositional analyses was 84, whereas 168 samples were subjected to determination of pH and *a~w~*.

Cell densities of presumptive mesophilic and thermophilic lactobacilli, mesophilic and thermophilic cocci, micrococci and staphylococci, enterococci, total coliforms, yeasts, and molds on the rinds and cores of all the cheeses after 1, 10, 20, and 30 days of ripening were determined as described previously ([@B21]). Twenty grams of cheese was homogenized with 180 ml sterile sodium citrate (2% \[wt/vol\]) solution, using a BagMixer 400 P (Interscience, St Nom, France) for 3 min of treatment. The enumeration of mesophilic and thermophilic lactobacilli and cocci was done at 30°C or 42°C, respectively, for 48 h on MRS and M17 agar (Oxoid) under anaerobiosis. Counting of micrococci and staphylococci and of enterococci was done at 37°C for 48 h on Baird Parker agar plus egg yolk tellurite and Slanetz-Bartley agar (Oxoid), respectively. The enumeration of total coliforms was done on violet red bile lactose agar (Oxoid) at 37°C for 24 h. Except for Slanetz-Bartley agar, the media for enumeration of bacteria were supplemented with cycloheximide at 0.1 g/liter. The number of yeast cells was estimated at 30°C for 48 h using Sabouraud dextrose agar (Oxoid) supplemented with chloramphenicol (0.1 g/liter). Mold enumeration was done on Wort agar (Oxoid) at 25°C for 5 days. Presumptive Le. lactis, V. casei, B. thermosphacta, and S. equorum cells were counted at 30°C for 24 h on MRS, Marine agar, *Corynebacterium* agar, and TSYE agar, respectively. Cell densities were calculated as average values of the results of analyses performed on three samples from as many cheese-making trials. Altogether, 168 samples were subjected to analyses of cultivable microbiota.

Extraction of total bacterial DNA. {#s4.4}
----------------------------------

Surfaces and cores obtained from two samples of each cheese (CC and ATT, LL, VC, SE, BX, and MIX cheeses) after 1, 10, 20, and 30 days of ripening were subjected to extraction of bacterial DNA. Ninety milliliters of sterile saline solution was added to 10 g of cheese and homogenized for 5 min in a BagMixer 400 P. The homogenates were centrifuged (1,000 × *g*; 5 min; 4°C), and the supernatants were recovered and centrifuged (5,000 × *g*; 15 min; 4°C). The pellet was suspended in 0.5 ml of sterile saline solution, and the suspension was used for extraction of total DNA using a FastDNA spin kit for soil (MP Biomedicals, Solon, OH, USA) according to the manufacturer's instructions. The concentration and purity of extracted DNA were assessed by spectrophotometric determination (Nanodrop ND-1000; Thermo Fisher Scientific Inc.).

16S rRNA gene amplicon library preparation, sequencing, and data analysis. {#s4.5}
--------------------------------------------------------------------------

The DNA extracted from each part (surface and core) of each cheese after 1, 10, 20, and 30 days of ripening was used for PCR. The cheese microbiome was studied by sequencing of the V3-V4 region of the 16S rRNA gene, as previously described ([@B49]). Demultiplexed forward and reverse reads were joined using FLASH ([@B50]) and quality trimmed (Phred score, 20), and short reads (250 bp) were discarded using Prinseq ([@B51]). High-quality reads were then imported into QIIME 1 ([@B52]). OTUs were picked through a *de novo* approach using the clustering method UCLUST at a similarity threshold of 0.97 ([@B12]). Taxonomic assignment was obtained by using the RDP classifier and the Greengenes database ([@B53]), with a sequence similarity of 0.97. To avoid biases due to different sequencing depths, OTU tables were rarefied to the lowest number of sequences per sample. QIIME was used to calculate the alpha diversity (Chao1 richness and Shannon diversity indices) ([@B54][@B55][@B56]). PCoA, carried out in the R environment (<https://www.r-project.org/>), was based on the unweighted UniFrac distance matrix of all 16S rRNA gene sequences. The LEfSe algorithm ([@B57]) was used to identify the OTUs distinguishing cheeses with attenuated starter (alone or in combination with surface-inoculated bacteria) from the control cheese ([@B58]). The total number of samples subjected to 16S rRNA gene-sequencing analysis was 112.

Assessment of proteolysis, enzyme activities, and concentrations of free amino acids. {#s4.6}
-------------------------------------------------------------------------------------

Surfaces and cores obtained from three samples of each cheese (CC and ATT, LL, VC, SE, BX, and MIX cheeses) after 1, 10, 20, and 30 days of ripening were subjected to extraction of water-soluble fractions, as described by Kuchroo and Fox ([@B59]). The concentrations of peptides in the water-soluble extracts of the cheeses were determined by the *o*-phtaldialdehyde (OPA) method ([@B60]). A standard curve, prepared using tryptone (0.25 to 1.5 mg ml^−1^), was the reference. The use of peptone gave a similar standard curve. Enzyme activities (PepN, PepI, PepO, GDH, CGL, and esterase) from the water-soluble extracts of the cheeses were determined as described by Gobbetti et al. ([@B61]) and De Angelis et al. ([@B62]) (see the supplemental material for details). Total and individual FAAs from the water-soluble extracts were determined with a Biochrom series 30 amino acid analyzer (Biochrom Ltd., Cambridge Science Park, United Kingdom) as described by Siragusa et al. ([@B63]). The concentrations of peptides and FAAs and the enzyme activities were average values of the results of analyses performed on three samples from as many cheese-making trials. Altogether, 168 samples were subjected to analyses to determine the concentrations of peptides and FAAs and the enzyme activities. The concentrations of total and individual FAAs were elaborated through PCA, using the statistical software Statistica v. 7.0 for Windows.

Sensory analysis. {#s4.7}
-----------------

Three panel sessions, one on each of three consecutive days, were held to evaluate the sensory characteristics of all the cheeses (CC and ATT, LL, VC, SE, BX, and MIX cheeses) after 30 days of ripening. The panel was compiled by 11 judges who had previously been trained in cheese profiling ([@B64]), with an equal distribution of males and females and ages ranging between 21 and 40 years. The definition of each sensory descriptor (see Table S3 in the supplemental material) was based on the studies by Niro et al. ([@B65]) and Albenzio et al. ([@B66]). For visual evaluation, the judge looked at the uniformity of crust and core colors (0, not uniform; 7, uniform) and the internal structure (0, uniform; 7, presence of holes). For evaluation by smelling, the judge smelled the wheel in different zones and evaluated the quality of odor sensation based on the intensity of the odor (0, none; 7, butter-like), rancid smell (0, none; 7, intense), and spicy smell (0, none; 7, intense). For evaluation by tasting, cheese samples, including rind and core, were coded with 3-digit randomized numbers and served at room temperature in aliquots (one per cheese variant) of 20 g, together with nonsalted table biscuits and still water, to panelists placed separately in rooms for impartial evaluation of sensory attributes. The judges evaluated the following characteristics: taste intensity (0, none; 5, aged), moisture (0, no; 5, too moist), acid (0, no acid; 5, too acid), bitter (0, not bitter; 5, too bitter), salty (0, not salty; 5, too salty), sweet (0, not sweet; 5, too sweet), and overall acceptability (0, dislike very much; 5, like very much). The total number of samples subjected to sensory analysis was 21.

Statistical analyses. {#s4.8}
---------------------

A randomized complete-block split-plot design with three replicates for each cheese variant was used for the analyses. The only exception was for 16S rRNA metagenetic analysis, performed in duplicate. The data were subjected to one-way analysis of variance (ANOVA), and pair comparison of treatment means was achieved by Tukey's procedure at a *P *value of \<0.05, using Statistica v. 7.0. Multivariate differences among cheeses were estimated by PCA, using Statistica v. 7.0, and by the Permutational Multivariate Analysis of Variance Using Distance Matrices function of ADONIS ([@B67]). For ADONIS, distances among samples were first calculated using weighted UniFrac, and then an ANOVA-like simulation was conducted to test for group differences.

Accession number(s). {#s4.9}
--------------------

The 16S rRNA gene sequences are available in the Sequence Read Archive of NCBI (BioProject no. [PRJNA551421](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA551421)).
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